Twin roll casting has been used to produce AZ31 magnesium alloy strip. The size of the cast strip is 5 mm thick and 250 mm wide. The microstructure of the as-cast AZ31 alloy strip consists of columnar zones from the surface to mid-thickness region and equiaxed zone in the midthickness region. The secondary dendrite arm spacing varies from 5.0 to 6.5 mm through the thickness and width of the strip and is much smaller than 34 mm of AZ31 alloy DC ingot used for the comparison. In temperature ranging from room temperature to 400 C, tensile strength and elongation of the as-cast strip are higher and smaller than those of DC ingot, respectively. Elongation is evidently improved by homogenization treatment and becomes more than that of DC ingot. Such an improvement of elongation is though to be caused by homogenization of segregation of Al and Zn atoms in the dendrite cell boundaries.
Introduction
In recent years, magnesium alloys, which are the lightest commercial structural alloys and have superior specific strength and stiffness, good heat dissipation, good shielding capability against electromagnetic interference and recycling ability, have become a point of much interest with the view of weight reduction that improves earth environment, fuel consumption and emissions.
Therefore the use of magnesium alloys in the automotive industry and in portable electronic equipment has increased recently. Now, the most are cast products, such as highpressure die casting or thixocasting, which involve many problems, such as poor surface quality, low yield and difficulty in the thinning or application in large-sized members.
On the other hand, when wrought products are used, it can be expected that the above-mentioned problems in casting products will be improved. However, the present price of magnesium alloy sheet is extremely high for the following reason. That is, in conventional rolling process of magnesium alloy strips, a slab with the thickness of the order of 120-300 mm is first homogenized and then hot rolling and heat treatment are repeated many times to obtain a thickness of 5-6 mm. As a result, the manufacturing cost becomes extremely high.
If the cost could become cheaper, the demand for the sheet is expected to increase greatly. So recently twin roll casting of magnesium alloys that enables production of 5-6 mm thick magnesium alloy strips directly from molten metal and thereby reduces much of the processing and thus reduces the manufacturing cost has become of great interest.
1) Still more, twin roll casting has the metallurgical advantages of the microstructure refinement due to the high freezing rates. And the works related to this subject have been reported. 2, 3) The present work is aimed at establishing a cost-effective process of manufacturing magnesium alloy strips with high formability by directly producing magnesium alloy strips from molten metal using twin-roll casting. In this paper, the microstructure and mechanical properties of AZ31 alloy strips produced with various kinds of twin-roll casting conditions are investigated.
Experimental Procedure
The horizontal twin-roll caster was employed in the present study. It consists of a gas melting furnace, tundish, tip and rolls. The rolls with a size of 425 Â 600 mm are made of steel and cooled by the water through the holes inside the rolls.
AZ31 (Mg-3.2 mass%Al-0.90 mass%Zn-0.35 mass%Mn) alloy was melted in a furnace under an inert gas atmosphere of 1.0% SF 6 and CO 2 mixture. The molten metal whose temperature was 720-740 C was transferred from a furnace to a tundish using a pump. It was then fed into the gap between two rotating rolls through a tip. A water-soluble graphite base lubricant was used as a lubricant to the rolls. The roll gap was set at 5.0 mm and the rolling speed was varied between from 0.6 to 1.7 m/min. The most common AZ31wrought alloy was roll-cast in strip form with 5 mm thickness and 250 mm width. Subsequently, some of the strips were heat-treated at 450 C for 24 hr in order to examine the effect of homogenization on mechanical properties.
The surface quality of as-cast strips was observed. The microstructure was observed by optical microscopy and the secondary dendrite arm spacing (DAS) for -Mg dendrites was measured. The distribution of alloying elements was observed by element analysis with a JEOL JXA-8900RL electron probe micro-analyzer (EPMA). Those were conducted on the cross-sections parallel to the casting direction in the midsection of the strip.
Tensile properties were also measured at a temperature ranging from room temperature to 400 C. Tensile specimens with the gage size of 15 mm length, 3 mm thickness and 7 mm width were machined in parallel to the casting direction in the midsection of the strip. High strain rate of 3.3/sec was used in order to examine hot workability.
Microstructure and tensile properties were compared with those of AZ31 (Mg-3.0 mass%Al-0.87 mass%Zn-0.28 mass%Mn) alloy DC ingot having a 152 mm diameter.
Results and Discussion

Surface quality of as-cast strip
Many microcracks transverse in the rolling direction with the size of about 1 mm long and 0.1 mm deep are observed in the surface of as-cast strip with a condition of rolling speed 0.6-0.8 m/min. Figure 1(a) shows such a microcrack. The number of microcracks decreases with increasing rolling speed and is hardly observed at rolling speed above 1 m/min and thereby a strip with good surface is obtained. By scanning electron microscopy (SEM) observation of the fracture surface of a microcrack, the round dendritic structure like eutectic fusion is recognized, as shown in Fig. 1 
(b).
From this result such a crack is thought to be hot-cracking during solidification shrinkage. The occurrence mechanism of hot-cracking is discussed below.
As the strip surface is cooled faster than the center during solidification, it tends to do solidification shrinkage. However the surface cannot be shrunk due to the existence of the high temperature center, this will produce additional tensile stress in the strip surface. Hot-cracking is caused by the concentration of strain produced by tensile stress on grain boundaries where liquid remains. When the cooling speed during solidification slows, tensile stress becomes small because of the decreasing of the temperature gradient from the center to the surface. Now, the cooling speed during solidification slows with increasing rolling speed because the contact time between the solidified metal and the roll becomes short. Accordingly, when rolling speed increases, hot-cracking comes to be suppressed. It seems from the above-mentioned reasons that hot-cracking is suppressed at a rolling speed above 1 m/min.
In addition, a ripple mark that is a stripe pattern transverse in the casting direction is generated as shown by Fig. 2 (a) in some cases if the rolling speed becomes high. Figure 2(b) shows the microstructure in a cross-section perpendicular to the ripple mark in a strip roll-cast at a rolling speed of 1.7 m/ min. As seen from the figure, a ripple is a micro disturbance in the surface layer with a depth on the order of 100-200 mm which is characterized by coarser dendrite cell-structure.
Moreover, the defect called surface bleed, which is molten metal that oozes out from the surface caused by the remelting of the grain boundary arrowed in Fig. 2(b) is also observed in a certain position. Daaland et al. 5) have proposed a model for the generation mechanism of the ripple. According to the model, the generation of the ripple is assumed to originate in the interaction between meniscus and solidified metal on the roll surface. That is, no interaction of meniscus and solidified metal on the roll surface, i.e. a stable meniscus, implicates that a ripple will not be generated. The stability of meniscus depends on the rolling speed and strip thickness. The meniscus becomes unstable with the increase of rolling speed, and as a result the risk for the generation of a ripple rises. The result obtained in the present study, where a ripple is generated when the rolling speed is fast, can be explained by this model.
It became clear from the above results that a good strip surface without microcracks and ripple marks is obtained in a rolling speed ranging from 1.0 to 1.5 m/min. Figure 3 shows the influence of rolling speed on rolling force. Rolling force increases linearly with decreasing rolling speed. Figure 4 shows the influence of rolling speed on strip thickness. Strip thickness always shows a larger value than the roll gap of 5.0 mm without a load. In addition, strip thickness decreases with increasing rolling speed, and its change corresponds well with that of rolling force.
Rolling force and strip thickness
We now consider the reason why the rolling force increases with decreasing rolling speed. Figure 5 shows the schematic drawing of the liquid-solid magnesium zones in the twin roll caster roll gap. Three zones can be distinguished, these being the sump where magnesium is entirely liquid, the solid-liquid coexistence area where solidification proceeds and the hot rolling zone where magnesium is entirely solid. 6) By the way, the longer the contacting time between magnesium and the roll is, the more the sump depth decreases. Therefore, the slower the rolling speed is, the more the sump depth decreases and as a result the magnesium thickness, t 0 , at a point where it is completely solidified increases more.
In conventional rolling the rolling force increases with increasing the initial strip thickness. The increase of t 0 is equivalent to the increase of the initial strip thickness in conventional rolling.
From the above, it can be considered that the increase of the rolling force in twin-roll casting is attributed to the substantial increase of the initial strip thickness due to the decrease of the rolling speed.
Also, the strip thickness, t, after rolling is larger than the roll gap, g, without a load, as mentioned above. As for conventional rolling, the rolling force, P, is proportional to the difference between t and g and is expressed by the following relation.
where K is the mill modulus. Therefore, the increase of the strip thickness after rolling is considered to be due to the mill spring effect caused by the increase of the rolling force in conventional rolling. Figure 6 shows (a) the cross-sectional microstructure and (b) a typical dendritic structure in a strip roll-cast at a rolling speed of 1.3 m/min. It is recognized from Fig. 6(a) that columnar dendrites grow along the direction of heat transfer from the surface to mid-thickness region and equiaxed grains are present in mid-thickness region. Figure 7 shows variations of secondary dendrite arm spacing (DAS) through the width and thickness of a strip rollcast at a rolling speed of 1.3 m/min. As is obvious from the figure, the DAS of the strip varies in range of 5.0-6.5 mm and it is rather small compared with the DAS of 34 mm for DC ingot. The cooling rate, R, is estimated from the measured DAS using the following equation. 
Microstructure of as-cast strip
The estimated cooling rate ranges from 239 K/s to 556 K/s. This is faster than by two digits compared with that of 1 K/s for DC ingot. Figure 8 shows the result of element analysis with EPMA of dendrite structure in a strip roll-cast at a rolling speed of 1.3 m/min. As is obvious from the figure, the microsegregation of Al and Zn atoms occurs in the dendrite cell boundaries. The maximum solubility of Al in the Mg-Al alloy is 12.7%. Nevertheless, it is known that the microstructure of die cast Mg-6 $ 9%Al alloy shows regions ofMg supersaturated solid solution of higher Al content than the rest of the -Mg matrix surrounding the non-equilibrium intergranular -Mg 17 Al 12 phases. 8) Essentially the same features have been found even in die cast AZ21 containing 2%Al. 9 ) Therefore, such a microsegregation is considered to be caused by the cooling rate in roll casting that is one digit further higher than that of die casting.
Moreover, manganese is scattered at random as Al-Mn compound but not shown in the figure. Now, it is well known in twin-roll casting of aluminum alloys that the center-line segregation occurs frequently in mid-thickness at a certain rolling force.
10) Figure 9 shows the optical micrograph of center-line segregation which is observed as white layers in a strip roll-cast at a rolling speed of 1.3 m/min. It is clear from the EPMA analysis that the Al and Zn rich regions are present. The scattered distribution of massive Al-Mn intermetallic compounds with a size less than 10 mm is observed also.
It has been suggested that the center-line segregation is attributed to the squeezing towards the strip center of solute rich liquid caused by the rolling action. Therefore, it is though that the center-line segregation becomes remarkable when the sump depth increases due to an increase at the rolling speed. 10) In the present study an appreciable change in the center-line segregation is not observed in the range at the examined rolling speed. Figure 10 shows the mechanical properties of a nonhomogenized and homogenized strip roll-cast at a rolling speed of 1.3 m/min and DC ingot at temperatures ranging from room temperature to 400 C at a high strain rate of 3.3/ sec. Tensile strength decreases and elongation increases monotonously with increasing temperature in all samples, except the great increase of a homogenized strip above 300 C. Tensile strength of a non-homogenized strip is 20-50 MPa higher than that of DC ingot in the whole temperature range. Tensile strength of homogenized strip is almost equal to that of a non-homogenized strip below 200 C, while it is equal to that of DC ingot above 300 C. On the other hand, elongation of non-homogenized strip is rather small compared with that of DC ingot in the whole temperature range. However, the elongation improves remarkably by homogenization heat treatment and it becomes to show a value equal to or more than that of DC ingot in the whole temperature range.
Mechanical properties of as-cast strip
As mentioned above, the elongation of a homogenized strip is larger than that of a non-homogenized strip in the whole temperature rang, and especially increases even more above 300
C. We now consider the reason. Figure 11 shows the microstructures in the vicinity to the fracture surface and scanning electron micrographs of the fracture surfaces of both a (a) homogenized and (b) nonhomogenized strip undergoing tensile-test at 400 C. As seen from the optical micrographs, the microstructure of the homogenized strip is the fine recrystallized grain structure, while that of the non-homogenized strip is nearly as-cast structure. Also, as seen from the SEM images, the fractographs of the homogenized strip reveal numerous dimples, characterizing ductile fracture due to slip deformation, while the fracture surface of the non-homogenized strip assumes the feature of cleavage fracture, characterizing brittle fracture.
From the above results, it seems that the remarkable improvement of elongation above 300 C of a homogenized strip is attributed to the ductile fracture in the area of fine grains caused by dynamic recrystallization during tensile test.
As for the dynamic recrystallization during deformation at high temperatures in magnesium alloys, it is reported 11) that initial grain boundaries migrate locally and are frequently corrugated with early deformation. In as-cast state, Al and the Zn solute atoms segregate in the dendrite cell boundaries as shown in Fig. 8 . In non-homogenized strip, dynamic recrystallization seems to be suppressed due to the restraint of the grain boundary migration caused by the pinning of dislocations that compose grain boundaries by these atoms. In contrast, in the homogenized strip, the segregation in the dendrite boundaries of Al and Zn solute atoms is dissolved by the homogenization, as is obvious from the EPMA images of dendrite structure shown in Fig. 12 . So, dynamic recrystallization is considered to occur during deformation at high temperatures.
Conclusions
Microstructure and mechanical properties of the twin-roll cast AZ31 alloy strip produced at a rolling speed ranging from 0.6 to 1.7 m/min were investigated. The results are summarized as follows.
(1) Microcracks or ripple mark are generated in certain casting conditions. (2) Strip thickness increases with decreasing rolling speed and the change corresponds to that of the rolling force. dendrite cell boundaries. The center-line segregation is observed also. (5) In a temperature rang from room temperature to 400 C, tensile strength and elongation of the as-cast strip are higher and smaller than those of DC ingot, respectively. Elongation is significantly improved by homogenization treatment and becomes more than that of DC ingot. (6) It seems that the remarkable improvement of elongation above 300 C of a homogenized strip is attributed to the ductile fracture in the area of fine grains caused by dynamic recrystallization during tensile test.
